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Abstract We report on the storage of orbital angu-
lar momentum (OAM) of light of a Laguerre-Gaussian
mode in an ensemble of cold cesium atoms and its re-
trieval along an axis different from the incident light
beam. We employed a time-delayed four-wave mixing
configuration to demonstrate that at small angle (2o),
after storage, the retrieved beam carries the same OAM
as the one encoded in the input beam. A calculation
based on mode decomposition of the retrieved beam over
the Laguerre-Gaussian basis is in agreement with the
experimental observations done at small angle values.
However, the calculation shows that the OAM retrieving
would get lost at larger angles, reducing the fidelity of
such storing-retrieving process. In addition, we have also
observed that by applying an external magnetic field to
the atomic ensemble the retrieved OAM presents Larmor
oscillations, demonstrating the possibility of its manip-
ulation and off-axis retrieval.
1 Introduction
Light beams carrying orbital angular momentum have
attracted a great interest in recent years owing to several
possibilities of applications, ranging from the mechanical
manipulation of macroscopic particles to the encoding of
quantum information [1,2]. The direct observation of the
transfer of quantized OAM of light to a Bose-Einstein
condensate was also demonstrated in [8]. A family of
these light beams is constituted by Laguerre-Gaussian
(LG) modes. They are specified by an integer number `,
given the topological charge, associated to the helicoidal
phase structure and corresponding to an OAM per pho-
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ton equal to `h¯ [3] . LG modes constitute a basis and
are used to encode information, each LG mode being a
bit. It was predicted in [4] that for quantum information
and computation purposes the use of multidimensional
state space, as the one spanned by OAM of LG modes,
leads to a more efficient quantum processing. Therefore,
the capability to store, manipulate and retrieve different
OAM quantum states is of crucial importance.
Similarly to other states of light, the quantum in-
formation encoded in modes with OAM can be stored
in an atomic ensemble through the light-atom interac-
tion. The nonlinear interaction of LG beams with atomic
systems has been investigated via four-wave mixing pro-
cesses [5] and the corresponding conservation of OAM
demonstrated both in cold and thermal atoms [6,7]. The
storage of OAM in cold and thermal atomic ensembles
was also previously demonstrated, both in the classical
[9,10] and single photon [11,12] regimes. In the con-
text of quantum computing, the generation of twin light
beams carrying OAM with quantum intensity correla-
tion have been demonstrated through four wave mixing
(FWM) in thermal rubidium vapor [13] and also the en-
tanglement of the OAM of photon pairs [14,15]. OAM
storage/retrieval is in a sense similar to images stor-
age/retrieval recently investigated with FWM process
[16].
The experiments previously done on OAM storage
and retrieval mainly used a collinear configuration where
the retrieving beam was collinear to the incident OAM-
encoded input. With this geometry, the conservation of
OAM was a natural deduction. Retrieving OAM in a
direction which is different from the OAM-encoded in-
put one is an important issue associated with quantum
memories for OAM states not only concerning the open
question of conservation of OAM in such case, but also
the possibility to separate the writing axis from the re-
trieving one, as well as to distribute OAM-encoded in-
formation along different directions in space.
In this work we investigate, both experimentally and
theoretically, the off-axis retrieval of OAM stored in cold
cesium atoms. Our experimental configuration makes use
of the holographic interpretation of the FWM process
with two grating writing beams corresponding to an OAM-
encoded beam and a gaussian beam and a time delayed
gaussian reading beam generating the OAM retrieval
along a direction different from the OAM-encoded input
beam. The retrieving direction makes a small angle with
the input one. We experimentally show that, after a stor-
age time of some micro-seconds, the OAM is conserved
in the case of a small angle . We also demonstrate that
a superposition of an OAM mode (` 6= 0) with a gaus-
sian one (` = 0) is also stored/retrieved with a good
fidelity. The OAM conservation law holds for angles of
order of some degrees, therefore allowing the spatial sep-
aration of the two beams (encoded and retrieved ones),
which can be of considerable practical importance. It is
worth noticing that our experiment differs from the one
in [7] because even if a non-collinear transfer of OAM
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was observed, there was no storage of OAM and the ex-
periment was made more complex by a non-degenerate
multi lasers configuration, with several OAM-carrying
beams as inputs in the cold atom sample.
Performing a mode decomposition of the retrieved
beam (tilted OAM beam) we have studied the effect of
the angle value on the purity of the retrieved mode. The
calculations show that at angles larger than some degrees
the purity is degraded. It gives a limitation of the off-
axis retrieval method and also shows that the results ob-
tained in [7] can not be generalized for arbitrary values of
angles. The conservation of OAM had also been analyzed
in spontaneous parametric down conversion where the
pump, signal and idler beams were not collinear [17,18].
In this different situation the analysis had shown that
although the OAM conservation law is verified for small
angles between the pump beam and the signal and idler
beams, the law is violated when the generated beams
make large angles with the pump beam.
Finally we report on the observation of Larmor os-
cillation of the stored OAM in the presence of an ex-
ternal magnetic field, which also demonstrates that the
retrieval of the stored OAM along a different direction
is possible after its manipulation.
2 Experimental results
The experiment is performed in cold cesium atoms ob-
tained from a MOT. We employ the degenerate two-
level system associated with the cesium hyperfine tran-
sition 6S1/2(F = 3) ↔ 6P3/2(F ′ = 2). By properly
choosing the polarizations of the incident beams one
can excite different sets of Λ three-level systems with
two degenerate Zeeman ground states and one excited
state, as shown in Figs. 1 (a)-(b). The atoms are ini-
tially pumped into the ground state 6S1/2(F = 3) via a
non resonant excitation induced by the trapping beams,
after we switch off the MOT repumping beam and the
quadrupole magnetic field. Our light storage scheme cor-
responds to a time delayed four-wave mixing configura-
tion where the beams are incident into the medium ac-
cording to the time sequence shown in Fig. 1(c) . The
grating writing beams, W and W ′, correspond respec-
tively to the OAM-encoded LG beam and the gaussian
beam. These beams, with the same frequency and oppo-
site circular polarizations, propagate along the directions
z and z′ respectively, and are incident in the cloud form-
ing a small angle θ ≈ 2o. These writing beams are kept
on for a long period (≈ 30µs), so to create a stationary
Zeeman ground state coherence grating. After a storage
time ts, measured after the turning off of the writing
beams, the reading beam R, counter-propagating and
with opposite circular polarization to the writing beam
W , is turned on. The retrieved beam C, whose prop-
agation direction is opposite to W ′ (as determined by
the phase matching condition) is monitored either with
a CCD camera or a fast photodiode. Also, during all the
measurements three pairs of Helmholtz coils are used to
compensate stray magnetic fields.
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In the experiment the incident OAM-encoded beam
(W ) is a LG mode, with ` = 1, 2, 3, 4, produced by a
spatial light modulator (Hamamatsu, LCOS-SLM, Mo.
X10468), with resolution 800X600 and 80% reflectivity
efficiency. The different fork phase holograms associated
with different values of ` have approximately the same
diffraction efficiency, leading to the same beam power
of 90µW . This beam is focused to a diameter much
smaller then the atomic cloud diameter which is about
≈ 2 mm. The LG ring radius slightly depends on ` as
ρ` =
√
`/2w0, where w0 = 250µm is the gaussian beam
waist at the center of the MOT, so, for ` = 1 to ` = 4, the
maximum LG ring diameter is of order of 0.7 mm. The
writing beam W ′ has approximately a power of 30µW
and a spatial gaussian mode with diameter twice larger
than that of the W beam. On the other hand, the read-
ing beam R has a power of 1 mW and also a gaussian
mode with a diameter slightly larger than the atomic
cloud. All the beams are provided by an ECDL laser
and their common frequency is locked to the transition
6S1/2(F = 3) ↔ 6P3/2(F ′ = 2). Two independent pairs
of acousto-optical modulators, working in double pas-
sage, allowed us to generate the time sequence depicted
in Fig. 1 (c).
In a first set of experiments, we have measured the
topological charge of the incident OAM-encoded beam
and the retrieved beam using the method developed in
[22], where the image of a LG mode with topological
charge `, after passing through a astigmatic tilted lens
will show a self interference pattern with a Hermite-
Gaussian mode shape, presenting ` minima with the
orientation of the pattern +45o or −45o depending on
the sign of `. In the column (a) of Fig. 2 we shown the
transversal profile of the incident OAM-encoded beams
for different values of ` and in the column (b) the cor-
responding self-interference patterns which check the in-
put topological charge. In column (c) we show the self-
interference patterns of the corresponding retrieved C
beams, after a storage time ts ≈ 0.5µs. As we can see,
the incident and retrieved beams have topological charge
of same |`| value but of opposite signs, which demon-
strates that the beams carry the same OAM since they
are counter-propagating beams.
We also have demonstrated the storage and non-
collinear retrieval of a combination of modes, namely
the sum of a LG mode and a gaussian one. For this,
we superimposed the incident LG mode with an auxil-
iary gaussian beam, having a different curvature radius.
The so-obtained W beam retro-reflected right before the
MOT towards the CCD camera exhibits a spatial inten-
sity distribution shown in column (a) of Fig. 3, which is
a classical spiral interference pattern. The number of the
branches of the spiral is equal to `. Column (b) of Fig. 3
shows the corresponding patterns for the retrieved beam
in the case of input charges ` = 1, 2, 3 and after a stor-
age time of ts = 2µs. By taking into account the change
in the sense of the spiral induced by the retro-reflection
of the incident superposition, as well as by the relative
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Fig. 1 (Color online) A generic Zeeman three-level system,
indicating the coupling of each state with the respective op-
tical fields during the writing (a) and reading (b) processes.
Propagation directions of the writing beams (W , W ′) are
along the axis z, z′, respectively, while the reading (R) and
the generated (C) beams counter propagate, respectively,
along these directions. (c) Time sequence for writing (W ,W ′)
and reading (R) beams. ts is the storage time.
position of beams foci, we conclude that the OAM of the
retrieved beam has the same value and sign as the one
of the W beam. This observation is consistent with the
previous measurement.
In another series of measurements we have inves-
tigated the manipulation of the stored Zeeman coher-
ence grating by the application of an external magnetic
field. As demonstrated previously in [23], the applica-
tion of a dc magnetic field leads to Larmor oscillations
of the stored grating whose period is determined by
the magnitude of the magnetic field. In the present off-
axis retrieval, we have observed Larmor oscillations for
` = 1, 2, 3, 4, with approximately the same period of
(a) (b) (c)
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Fig. 2 (Color online) (a) Incident beam transverse profile for
different values of the topological charge. (b) Corresponding
images after passing a tilted lens revealing the topological
charge. (c) Retrieved beam images after passing through an-
other tilted lens.
≈ 7µs when an external magnetic field of ≈ 0.3 Gauss is
applied. Within our experimental uncertainty, the obser-
vation of a slight decreasing in the decay time for increas-
ing values of the topological charge was experimentally
verified to be associated with the inhomogenities of stray
magnetic field. Moreover, similarly to our previous ob-
servations in [10], we have experimentally observed that
the retrieved beam preserves its OAM during the Lar-
mor oscillation, which also demonstrates that the stored
OAM can be manipulated and retrieved along a different
direction.
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Fig. 3 Column (a) shows the interference pattern associated
with the incident superposition of LG beams with a gaus-
sian beam, respectively for ` = 1, 2, 3. Column (b) shows the
corresponding interference patterns retrieved after a storage
time of ts = 2µs, as described in the text.
3 Theoretical mode decomposition
The theoretical analysis is based on a previous work [19],
which showed that the retrieved field originates from the
diffraction of the reading beam into the Zeeman coher-
ence grating and is determined by the optical coherence
[10,19], which in the low intensity limit is given by:
σmF ,mF−1(r, t) ∝ gR(t)e−γtsΩR(r)ΩW (r)Ω∗W ′(r), (1)
where, according to Fig. 1 (a) and (b),Ωi(r)(i = W,W
′, R)
represents the Rabi frequency associated with beam i in
an atom at position r, and is given byΩi(r) =
µiEi(r)eiki·r
h¯ ,
with µi being the dipole moment of the transition cou-
pled by Ωi, Ei(r) the electric field envelope of beam i,
and ki its wave-vector. The term e
−γts in Eq.1 is a con-
sequence of the decay of the ground state coherence due
to residual inhomogeneous magnetic field, with γ being
an effective homogenous decay rate and ts the storage
time. Finally, the function gR(t) describes the shape of
the retrieved light pulse in mode C and is defined in [19].
According to Eq. (1), if kW = −kR, the optical co-
herence generates a field which propagates along −kW ′ ,
consistent with the linear momentum conservation law
for the FWM process. Eq. (1) also implies the conser-
vation of the transverse phase. In the situation of our
experiment the incident fields W ′ and R are transver-
sally wide gaussian waves, so that the retrieved field will
carry the transverse phase contained in the writing field
W . However, to respect Eq. (1) this phase information
has to be projected into the plane transverse to the new
propagation axis z′. Such a description is at the basis
of the degenerate four-wave mixing process, known to
generate phase conjugation of a probe beam [20]. In our
case, the writing beam W is a LG mode with a topo-
logical charge `, i.e., a field with an azimuthal phase
distribution `φ around its propagation axis z. The read-
ing process by the R beam transfers this phase into
the diffracted beam whose propagation direction is not
strictly equal to the direction of W . However, as long as
the angle θ between the grating writing beams remains
small, we expect that the corresponding OAM per pho-
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ton `h¯ can be transferred to the retrieved beam. This
may be viewed as an application of the conservation law
of OAM, LW + LR = LW ′ + LC . Such a law, which
would have to be vectorial, and cannot be scalar as in
[7], requires at minimum that there are no depolarizing
processes [21] and that finally the exchange of OAM be-
tween light and atoms, which is usually distributed be-
tween internal and external momentum, is recovered in
the nonlinear optical process. On the opposite, for large
separation angles one can show that, in the limiting case
of θ = 90o, no transfer of OAM axis can be performed
in the FWM: indeed, in this case symmetry arguments,
similar to those previously used for polarization in FWM
processes [21], can be applied.
In order to corroborate the above qualitative analy-
sis, we have performed a mode decomposition to analyze
the distribution of OAM components of the retrieved
beam. To do that, we consider an incident pure LG mode
with topological charge ` and radial mode index p = 0,
so described in the cylindrical coordinates (ρ, φ, z), at
the plane z = 0, as
EW (r) = LG`p=0(ρ, φ) = E0(
ρ
√
2
w0
)|`|e−
ρ2
w0 ei`φ, (2)
where w0 and E0 are, respectively, the beam waist and
amplitude. According to our experimental situation, we
consider only single annular LG modes with p = 0 for
W beam and assume the incident writing beam W ′ as
being a gaussian mode and the reading beam R as a
nearly plane wave. Eqs. (1) and (2) are then used to de-
termine the retrieved field mode as a superposition of
LG`
′
p′=0(ρ
′, φ′) modes, defined in terms of a new cylin-
drical coordinate system (ρ′, φ′, z′), obtained by rotat-
ing the original coordinate system by an angle θ around
the x axis, which is orthogonal to both z and z′ axes
defined in Fig. 1. The two cylindrical coordinates are
simply related and using the orthogonality relation for
LG modes associated with different azimuthal indices,
we have numerically calculated, at the plane z′ = 0, the
corresponding decomposition for different values of the
incident topological charge ` and different angles θ. In
Fig. 4 we show the obtained decomposition for four inci-
dent LG modes (` = 0, 1, 2, 3) for four angles values. We
clearly see that for a reasonable range of angles, i.e., for
θ ≤ 10o the main component of OAM of the retrieved
beam is `′ = `. As ` increases other `′ values appear in
the OAM-spectrum of the retrieved beam. It is worth
noticing that the OAM-spectrum only contains `′ ≥ `
values and with same parity. At angle θ = 2o, value used
in the experiment, the contribution of the OAM com-
ponents different from `, mostly `′ = `+ 2 mode, is less
than 0.1%. However, at larger θ angles the OAM compo-
nents with `′ > ` strongly contribute with comparable or
even higher amplitudes. Therefore, the conservation law
of OAM within the field modes breaks down, as qualita-
tively discussed above.
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(a) 
(c) 
(b) 
(d) 
Fig. 4 (Color online) Decomposition of the retrieved beam
mode in terms of LG modes (azimuthal mode index `′, with
p′ = 0) propagating along the z′ direction, corresponding to a
pure incident LG mode (azimuthal mode index `, with p = 0)
for different angles between the z and z′ axes: a) θ = 5o, b)
θ = 10o, c) θ = 15o, and d) θ = 20o . For each value of `,
the mode amplitudes are normalized by its maximum value.
In the calculation, the ratio between the waists of beams W ′
and W is 1.4, consistent with the experimental value.
4 Conclusion
In summary, we have experimentally demonstrated that
light OAM can be stored in an atomic ensemble and re-
trieved along a nearly different direction. Although the
experimental demonstration was restricted to small an-
gle, a mode decomposition calculation shows that the
OAM off-axis transfer would work for angles as large as
10o. Off-axis retrieval were also demonstrated for super-
positions of LG beams with a gaussian beam. We have
also observed Larmor oscillations in this non-collinear
retrieval of OAM demonstrating a simple manipulation
and retrieval of OAM along a different axis. We believe
that our demonstration of the exchange of OAM in dif-
ferent directions could bring new insights in quantum in-
formation processes involving OAM photons, including
the possibility of manipulating and distributing OAM-
encoded information, with an user controlled time, in
different directions in space.
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